The effects of Al addition on structures and protium absorption-desorption properties of Ti-Cr alloys were investigated. It was found that 1 at% Al addition is effective for improvement of protium storage capacity. The BCC phase increases with increasing Al content in TiCr-Al alloys. It is generally well known that plateau pressure of the protium storage alloys, e.g. Ti-Cr-V and Ti-Fe-V alloys, increases with decreasing lattice constants, however, the plateau pressure of the Ti-Cr-Al alloys increases with increasing lattice constants, namely increasing Al content.
Introduction
Higher density protium (hydrogen atom) absorbing alloys are required for practical use of hydrogen energy systems. The MmNi 5 alloys have been widely used as the negative electrode of secondary electric batteries. The LaNi 5 -type protium storage alloys 1, 2) have a protium capacity of nearly 1.4 mass%H. However, future applications, e.g. hydrogen tanks for fuel-cell electric vehicles, will require higher protium density. Vanadium or vanadium-based solid solutions with a BCC structure are known to absorb 3.8 mass% protium. However, only half of the absorbed protium can be desorbed at room temperature. 3) Iba et al. [4] [5] [6] [7] reported that multi-phase Ti-V-Mn alloys consisting of Laves and BCC solid-solution phases had good desorption properties and high protium capacities of nearly 2.1 mass% protium. They 8, 9) also reported that a Ti-40 at%V-35 at%Cr alloy with a BCC structure could absorb about 2.4 mass% protium. Recently Kuriiwa et al. [10] [11] [12] [13] reported that Ti-Cr-V protium storage alloys with low V content had excellent protium absorption-desorption properties of nearly 3 mass%. Since V metal is expensive, the Ti-Cr alloys without V would be next candidate for good protium storage capacity if they consist of a BCC phase. However, it is difficult to freeze BCC single phase from BCC solid solution region at the high temperature in Ti-Cr alloys, because the region of BCC phases around 40 at%Ti-60 at%Cr at high temperatures is narrow. Our preliminary studies suggest that Al addition to Ti-Cr alloys is effective for improving protium storage properties.
Therefore, the purpose of this study is to investigate the effect of Al addition on structures and protium absorptiondesorption properties of Ti-Cr alloys. * 1 Graduate Student, Tohoku University.
* 2 Graduate Student, Tohoku University, Present address: Honda R&D Co., Ltd.
Experimental Procedures
There are three ways to add Al to the Ti-Cr alloys as shown in were quenched into iced water. Crystal structures were determined by X-ray diffractometer (XRD) with Cu-Kα radiation. The samples of XRD were prepared by polishing alloys. The pressure-composition (PC) isotherms were measured at 313 K by a Sieverts-type apparatus. The Ti 40+x Cr 60−2x Al x (x = 20) alloys was activated by holding in a hydrogen pressure of 7 MPa at 673 K for 30 min followed by evacuating with a rotary pump for 30 min at room temperature. This process was repeated three times before measuring of PC isotherms. The other alloys were easily activated and absorb the hydrogen at room temperature for 1st cycle. The zero point of the PC isotherms was reset in every cycle after evacuation at 313 K for 2 h with a rotary pump. In this study, the effective protium capacity is defined as a difference between protium absorbing capacity at a pressure of 7 MPa and that at 0.01 MPa in desorbing process.
Results and Discussions

Protium absorption-desorption properties of Ti x
Cr 100−x alloys The XRD patterns of Ti x Cr 100−x (x = 37.5, 39, 40, 41, 42.5) heat-treated alloys are shown in Fig. 2 . The main phase of the alloy with x = 37.5 is a Laves (C14-type) phase and the peak of BCC phase is not observed. The alloys with x = 39, have BCC phase as main phase with Laves (C14-type) phase as a secondary phase. The alloy with x = 40 consists of almost BCC phase with weak peak of Laves phase as a secondary phase. The alloys with x = 41 and 42.5 have BCC phase as the main phase. From these results, it can be said that BCC single phase would be appeared when Ti content is over 41. It is found that the lattice constants of BCC phase increases with increasing Ti content. In this study, it is considered that samples for XRD have preferred orientation and this influences the intensity of each XRD patterns. Figure 3 shows the PCT curves of Ti-Cr alloys for the 3rd cycle. The maximum protium storage capacity increases with increasing of Ti content. In particular, the alloys with BCC single phase (x = 41, 42.5) show higher protium absorbing content. The effective protium capacity increases with increasing Ti content, however it decreases for the sample with x = 42.5 because the plateau pressure in desorbing process substantially decreases. The plateau pressure decreases with increasing of Ti content because of increasing lattice constants. From these results, the alloy with x = 40 was selected as the base of binary alloys because its plateau pressure is around 0.1 MPa and effective protium capacity is relatively large.
Protium absorption-desorption properties of
Ti 40 Cr 60−x Al x alloys Firstly, Al is add to the Ti-Cr alloys in assuming that Al will replace Cr. Figure 4 shows XRD patterns of Ti 40 Cr 60−x Al x (x = 2.5, 5, 10) heat-treated alloys. For the heat-treated alloys with x = 2.5, the main phase of XRD pattern is determined to be a BCC structure with the diffraction peak of Laves phase as a secondary phase. It is found that the intensity of the diffraction peak of Laves phase becomes smaller than that of Ti 40 Cr 60 heat-treated alloys. The heat-treated alloys with x = 5 and 10 consist of almost BCC single phase. However, the diffraction peaks of Cr are identified for the heat-treated alloy with x = 10. It is considered that reason of this phenomenon may be due to the lowering of the melting point of the alloy, by increasing Al content. The lattice constants of these alloys increase with increasing Al content. (x = 0, 2.5, 5, 10) heat-treated alloys for the 3rd cycle. The plateau pressure increases with increasing of Al content. For the alloys with x = 10, the plateau region in the PCT curve is not observed because the plateau pressure may substantially increase. The effective protium capacity for the alloy with x = 2.5 is almost same in comparison with that without Al. However that of the alloy with x = 5 decreases by about 0.2 mass% protium compared with that of the alloy without Al.
Protium absorption-desorption properties of Ti 40+x
Cr 60−2x Al x heat-treated alloys Judging from the results above, increasing Ti content in Ti-Cr binary alloy increases the maximum protium storage capacity and decreases the plateau pressure. Besides it is pointed out that increasing of Al addition in replacement of Cr causes increasing of plateau pressure. In this section, Ti and Al contents are fixed to increase simultaneously in replace- However, it absorbs protium after activating at the high temperature (673 K). The maximum protium capacity of the alloy with x = 2.5 increases, however, the protium capacity in low- pressure (under 0.01 MPa) region also increases. Therefore, the effective protium capacity is about 2.1 mass% which is almost same that of the alloy without Al.
Protium absorption-desorption properties of (Ti 40
Cr 60 ) 100−x Al x alloys In this section, the ratio of Ti to Cr is fixed 2 to 3. The XRD patterns of (Ti 40 Cr 60 ) 100−x Al x (x = 1, 2.5, 5) heat-treated alloys are shown in Fig. 8 . The (Ti 40 Cr 60 ) 100−x Al x (x = 1, 2.5, 5) heat-treated alloys consist of single BCC phase. Figure  9 shows the PCT curves of (Ti 40 Cr 60 ) 100−x Al x (x = 0, 1, 2.5, 5) heat-treated alloys for the 3rd cycle. It is turned out that the PCT curves of the alloy with 1 at%Al shows the highest absorbing capasity of about 2.2 mass%H. But the increment of Al content over 5 at%Al substantially increases the plateau pressure of PCT curves and reduces its protium capacity.
In this study, three ways to add Al to Ti-Cr binary alloys were tried. It has been found that increasing Al contents tends to form the BCC phase in alloys. However, the effective pro- tium capacity increases only for the case where the ratio of Ti to Cr is fixed to 2 to 3.
3.5
Relation between lattice constant and plateau pressure of Ti-Cr-Al alloys It is well known that there is nearly linear relationship between lattice constant and plateau pressure in some protium storage alloys. In general, increasing the lattice constant decrease the plateau pressure. This typical phenomenon was reported in Ti-Cr-V 13) and Ti-Fe-V 14) alloys. In this study, similar phenomenon was observed for Ti-Cr binary alloys as shown in Fig. 10 . Increasing of Ti content in Ti-Cr binary alloys increases the lattice constant of BCC phase and decreases the plateau pressure in desorbing process. However, this relationship was not applied to Ti-Cr-Al ternary alloys. It is found that increasing Al content in Ti 40 Cr 60−x Al x (x = 2.5, 5) alloys increases the lattice constant of BCC phase and increases plateau pressure in desorbing process. A similar effect is also observed in (Ti 40 Cr 60 ) 100−x Al x (x = 1, 2.5, 5) alloys.
Conclusions
The effects of Al addition on microstructures and protium absorption-desorption properties of Ti-Cr alloys have been investigated. Three ways to add Al to Ti-Cr binary alloys are tried. It is found that the addition of Al to Ti-Cr alloys suppresses the formation of Laves phase, resulting in forming a BCC phase. The best method to add Al to the alloys was to fix Ti to Cr as 2 to 3. The 1 at%Al addition to Ti-Cr binary alloy is effective for improvement of the effective protium capacity of nearly 2.2 mass%H. The plateau pressure of Al addition to Ti-Cr alloys increases with increasing lattice constant.
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